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Abstract 
Here we report the first observation of rapid volumetric heating of polydimethylsiloxane (PDMS) under cyclic loadings at a 
range of high (~MHz) frequencies. Based on the finding, we developed a microheater which utilizes the vibration damping of 
PDMS, the most commonly used material in microfluidics, induced by sound waves generated and precisely controlled by a 
surface acoustic wave (SAW) microfluidic system. An omni-temperature controllability of the microheater enabled us to perform 
two-step continuous flow polymerase chain reaction for a billion-fold amplification of 134 bp DNA amplicon in less than 45 sec. 
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1. Introduction 
The popularity of PDMS SAW microfluidic system stems from its significantly efficient fluid-
structural/structure-structural coupling owing to the focused energy at the medium surface as well as its simplicity 
(Yeo and Friend, 2014). However, acoustic absorption of PDMS is much more significant than liquid samples or 
other microchannel materials such as silicon or glass, which increases the possible thermal damage to biological 
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samples (Mulvana et al., 2013). We believe that this could be useful. A PDMS microchip can be efficiently heated 
by acoustic absorption, simultaneously serving as a reactor and a heater. 
Here we introduce a conductive, therefore nonselective against sample types, noninvasive, transparent, fast and 
accurate heating method which does not require any additional complex processes to a conventional microfluidic 
fabrication. The method depends on heat generation from vibration damping of polydimethylsiloxane (PDMS) 
caused by piezo-actuated surface acoustic waves (SAWs). The acoustic waves propagating on a substrate’s surface 
couple with the PDMS microchip, leak acoustic power into the PDMS in the form of compressional bulk waves 
called leaky SAWs, and generate heat through molecular oscillations (Fig. 1a). 
2. Results and Discussion 
PDMS heating induced by leaky SAWs penetration was imaged by an infrared camera (Fig. 1b). A thick (~5 mm) 
slab of PDMS was placed on various piezoelectric substrates which have IDTs with different finger gap periods. 
Movies were recorded for the PDMS heating since the actuation of the IDTs. Snapshots were taken from the 
recorded movies when 1 sec had passed since the start of the heating and the maximum temperature reached 68°C 
(Fig. 1b). Leaky SAWs are attenuated due to the viscous-frictional thermal energy dissipation and have a limited 
depth of penetration. In the experiment, the penetration depths were measured as the height of the white region 
where the temperature rise was above its half-maximum value (Fig. 1b). The penetration depths of the leaky SAWs 
were known to follow the power law (Szabo, 1994) (Fig. 1c), 
ߜ̱݂ିఊ                              (1) 
where ߜ  is the penetration depth, ݂  is the acoustic wave frequency, and ߛ  is a real non-negative material 
parameter fitted to be approximately 0.7 from the experimental data. The penetration depths measured at frequencies 
from 9.8 MHz to 128.5 MHz were ranging from 1290 ȝm to 210 ȝm, which are enough to cover most heights of 
microchannels. The heating was rapid (exceeding 2,000 K/s) and fairly uniform throughout the area (Ha et al., 
2015). 
 The heating is SAW frequency-dependent. Acoustothermal energy dissipation of the PDMS hits a local 
maximum when the period of the cyclic loading is tuned to a relaxation time of the polymers. A sharp peak in the 
temperature increase was observed at near-30 MHz (Fig. 2). This indicates that the heating becomes most rapid and 
energy-efficient when the signals applied to IDTs are at this frequency. 
Figure 1 a, Schematic showing that IDTs-driven surface acoustic waves refract into the PDMS slab with an angle (ߠ௧) (leaky SAW) and induce
heating. b, Infrared images showing the variance of the penetration depth upon SAW frequencies. The actuated frequencies and the type of the
used IDTs were (i) 9.8 MHz (straight), (ii) 16.1 MHz (straight), (iii) (1) 36, (2) 32, (3) 28, (4) 24, and (5) 20 MHz (slanted; images stacked to a
maximum intensity projection), and (iv) 128.5 MHz (focused), respectively. c, Plot showing the dependence of the penetration depth (here
defined as half-power depth) upon the SAW frequency. Photometric images in b are copied from the paper by Ha et al. 
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 In order to assess the functionality of the heater, we performed continuous flow polymerase chain reaction 
(CFPCR) for DNA amplification. Figures 3a, b depicts the ultrafast CFFPCR system. There are two straight IDTs 
printed on the substrate, one for denaturation (95°C) and the other for annealing/extension (60°C). The reaction 
mixture cycled back and forth between the two zones in the microchannels for 30 thermal cycles (Fig. 3c). In order 
to prevent cross-contamination, buffer was introduced to wash the microchannels between the sample runs. The time 
ratio of the denaturation to annealing/extension of the two-step PCR was 1:4. The chip was run with flow rates 
ranging from 50 to 600 ȝL/hr, which represents total flow-through time of from 6 to 0.5 min for 30 cycles. The 
Figure 3 a, Schematics showing the fabrication of a CFPCR chip. The PCR mixture flowing through the microchannels cycled back and forth the
denaturation zone (95°C) and the annealing/extension zone (60°C). The temperature of each zone was independently controlled by time-shared
two signals from a single signal generator. b, Photo of a CFPCR chip with the microchannels filled with blue ink. c, Schematic describing the
layout of the microchip for the two-step CFPCR. d, Fluorescent images obtained by a charge-coupled-device camera (Gel Logic 200 Imaging
System, Kodak, Seoul, Korea) for the gel electrophoresis results. The leftmost lane is a 100 bp DNA ladder. Lane 1: Reference PCR (positive
control). Lane 2 to 6: CFPCR with increasing flow rates: 50 to 100, 200, 400, and 600 ȝL/hr, corresponding to cycling times of from 6 to 3, 1.5,
0.75, and 0.5 min, respectively, for 30 cycles. Lane 7: Negative control; CFPCR run with template-free PCR mixture at a flow rate of 100 ȝL/hr
(as in lane 3). e, Schematic showing the conductive heat transfer from the PDMS microchip into the PCR mixture through the four sides of the
microchannels. Some panels (a, c, e) of the figure were copied from paper by Ha et al., 2015 
Figure 2 Plot showing the measurements of the temperature rise of PDMS as a function of SAW frequency for the range of 10 to 60 MHz. Error
bars indicate the standard deviation from at least four independent measurements. 
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collected samples were analyzed in a 2% agarose gel stained with RedSafeTM (Intron Biotechnology, Seongnam, 
Korea) by electrophoresis (Fig. 3d). The results demonstrate that effective PCR can be performed extremely fast (in 
less than 45 sec) with the microheater, yielding products with quality comparable to those from commercial thermal 
cyclers. 
In addition, the PDMS microchip was truly disposable because the closed microchannels-molded PDMS 
microchip was reversibly bonded to the substrate (Fig. 3e). Now the sound waves in the form of longitudinal bulk 
wave penetrate through the thin layer from the bottom of the chip and reach the ceiling and the walls of the 
microchannels, consequently heating up the four sides of the microchannels. The thermal efficiency of the system 
was enhanced by the low thermal conductivity of PDMS. The power consumption maintained below 6 W throughout 
the experiment. 
3. Methods 
The microfluidic CFPCR device was composed of a microchannel-molded PDMS chip placed on an IDTs-
patterned LiNbO3 substrate. The channel size of the CFPCR reactor was 50 ȝm wide, 59 ȝm deep, and 1.69 m long, 
which produces a total reactor volume of 5.0 ȝL. Standard soft photolithography techniques using SU-8 replica 
molding protocols were used to fabricate the PDMS microchip. The thin PDMS layer bonded to the microchip to 
close up the microchannels was 200 ȝm-thick. The microheaters were actuated by high-frequency (~MHz) AC 
signals produced from an RF signal generator (N5181A, Agilent Technologies, CA, USA) and amplified by a power 
amplifier (LZY-22+, Mini-Circuits, NY, USA). The temperature distribution of the system was monitored and 
measured by an infrared camera (T640, FLIR Systems, OR, USA). The DNA template was a 48,502 bp Ȝ-DNA 
c1857 Sam7 template (Bioneer, Daejeon, Korea). Primers were constructed to produce a 134 bp amplicon from the 
target (Bioneer, Daejeon, Korea) (Bhat et al., 2010). The sequences for the forward and the reverse primer were 5’-
TGA TTC TGT TCC GCA TAA TTA CTC C-3’ and 5’-CAC CAA TGC TGA GAT AGC TGA AG-3’, 
respectively. The PCR mixture (900 ȝL) contained 407.4 ȝL ultrapure water, 450 ȝL Power SyBR® Green PCR 
Master Mix (Life Technologies Korea, Seoul, Korea), 30 ȝL 30 ȝg/ȝL bovine serum albumin (BSA; Life 
Technologies Korea, Seoul, Korea), 3.6 ȝL 500 ng/ȝL DNA template, 4.5 ȝL 100 ȝM forward primer, and 4.5 ȝL 
100 ȝM reverse primer. BSA was used to dynamically coat microchannel walls to prevent the adsorption of 
hydrophobic molecules such as polymerases onto the walls. The PCR mixture was run on a conventional thermal 
cycler (GeneAmp® PCR system 9700, Applied Biosystems, Seoul, Korea) as a reference with an overall 50 min 
run-time for 30 cycles. 
4. Conclusions 
A microheating system based on PDMS SAW microfluidic system has been presented. Acoustic absorption of 
PDMS has found to be very effective for a range of (5-200 MHz) SAW frequency and the most effective for near-30 
MHz. Penetration depths has found to be a function of frequency and measured to be enough to cover most heights 
of microchannels. As an application, amplification of 134 bp DNA strands through CFPCR (30 cycles) was 
successfully achieved in 45 sec. It is anticipated that, based on the proposed heating technique, we can seek other 
applications in heaters, actuators, or sensors for microelectromechanincal systems, optofluidics, paper microfluidics, 
biochemical research, medicine, and any fields of research that need to go beyond the limits of current heating 
technologies. 
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